The successful formation of composite parts without defects remains a challenging issue due to the complexity of the forming process. A better understanding of the factors that cause these flaws is necessary to optimize the operation. The present work investigates the in-plane shear behavior of out-of-autoclave carbon epoxy thermoset prepregs OOA and its effect on wrinkling using the picture frame test. The deformability of OOA at the real processing conditions helps to understand the applicability of such material for forming processes such as the double-diaphragm forming technique with aims to minimize overall manufacturing time and cost. Tests were performed at varying temperatures and displacement rates in order to determine their contribution to the fabric deformability. Digital image correlation was used to take sequential images at various stages of deformation and capture the onset of wrinkling. It was found that the processing temperature (resin viscosity), displacement rate, and layer counts (layer interactions) are the three most important parameters that influence the wrinkling. Presence of resin between the layers makes them interact with each other and therefore has an impact on the each layer shear angle. These parameters were then analyzed using the Taguchi and analysis of variance techniques to determine which factor has the most significant influence on the wrinkling.
Introduction
Since their emergence, textile technologies have undergone extraordinary transformation in concept and applications. The term ''textile'' itself has expanded from its original meaning of ''woven fabric'' to contemporary applications with fibers, filaments, and yarns. 1 Today, textile composites are widely used in automobile, aerospace, and pipeline industries due to their superior properties including high specific stiffness, high specific strength, low weight, low thermal expansion, and good corrosion resistance. 2, 3 The most important feature that sets textile composites apart from unidirectional fibers (UD) are their high drapability and ability to form to the complex shapes. 4 Out-of-autoclave (OOA) prepregs, in particular, are increasingly employed as a cost-effective alternative to traditional autoclave materials. 5 This has been achieved by eliminating the purchasing and service costs associated with large autoclaves and allowing the use of low-cost tooling due to the lower cure temperatures.
OOA prepregs are different from regular autoclave prepregs in the sense that the upper and lower fiber plies are partially impregnated with resin system. This creates a dry porous medium between the upper and lower portions of the prepreg to permit the evacuation of any entrapped air before the resin wets the dry fibers. During processing, these spaces are progressively infiltrated by resin to produce a uniform and void-free structure. This semi-impregnation is the key in providing low porosity levels despite the lower compaction pressure. Also, the resin system is formulated for optimal cure at lower temperatures. 6 A schematic of a typical semi-impregnated OOA prepreg is shown in Figure 1 .
Forming of textile composite via hot drape forming (HDF) integrated with automated fiber placement (AFP) and automated tape laying (ATL) has become a major area of research due to its ability to overcome the limitation of forming complex contours. However, parts produced under the HDF process are found to be prone to defects such as wrinkling and out-of-plane buckling. A necessary first step to overcoming these defects is to study and analyze the common modes of deformation that occur during forming processes. 1, 7 Various testing methods, including the picture frame test and the bias-extension test, can be used to replicate and model deformation mechanisms before proceeding with the actual forming operation. 8 Therefore, study of different forming mechanisms, such as intra-ply shearing, is essential to reduce failure rates of composite parts by knowing the limit of deformation (locking angle) that can be a reason behind the formation of defects.
Intra-ply shear is understood to be the predominant deformation mechanism that occurs when materials are subjected to in-plane shear. 7 The intra-ply shear of commingled fabrics was investigated by Lebrun et al. 9 using picture frame test. The authors assumed that fibers deform based on the pin-jointed net (PJN) approximation which was originally proposed by Mack and Taylor. 10 The PJN theory was based on the assumption that during deformation, yarns are inextensible (with no slippage possible at cross-overs), but that the fibers can rotate. 11, 12 The angles between the warp and weft yarns indicate the amount of inplane shear. In general, the shear resistance during deformation was found to be low up to the point at which adjacent yarns came in contact with each other; this contact results in lock up (locking angle) and dramatically increases the shear resistance. 13, 14 Prodromou and Chen 15 concluded that a larger inter-yarn space permits the tows to rotate more before they come in contact with each other. Recently, Zhang et al. 16 studied the intra-ply shear behavior of fabrics of varying density and reported that fabrics with lower density tend to have better deformability than those with higher density; moreover, shear performance decreases with increase in density. Many such experimental and analytical works have been conducted to characterize the in-plane shear behavior of the woven fabrics using the picture frame test. 9, [16] [17] [18] However, not much work has been done to characterize the shear behavior of OOA thermoset prepregs.
One of the HDF techniques is the double-diaphragm forming process. In the double-diaphragm forming process of OOA thermosetting composites, the compacted laminate between the diaphragms is heated up to processing temperature (room temperature to 90 C or below the curing temperature) and then forming takes place by applying controlled vacuum to the forming box cavity below the lower diaphragm to achieve the desired shape. Therefore, temperature, compaction, and forming rate (level of vacuum inside the tool) are three important processing parameters which play important roles in terms of defect formation such as wrinkles. To understand the reasons behind the onset of wrinkling, the limit of deformability (locking angle) must be observed at the same processing conditions (temperature and forming rate) in order to capture the mechanisms behind the defects. Additionally, the results from the test may help to choose the optimal processing parameters in the actual forming process.
A picture frame rig similar to the one depicted in Figure 2 was employed to measure the load required to shear the sample. The setup is mounted on a tensile test machine, with a tensile force applied diagonally across opposing corners of the rig. The force created by this test causes the material to deform from its initially square configuration into a rhomboid shape. 18, 19 The arms of the rig are structured to be free to rotate around the hinges, producing pure shear deformation throughout the sample. 2 Samples for the picture frame test were cut into cross-shaped and clamped onto the frame. Care was taken to avoid misalignment; Milani et al. 20 showed that an arbitrary misalignment of a sample reduces the accuracy of obtained results by 80% versus a properly aligned sample. Harrison et al. 18 determined the impact of temperature on in-plane shear behavior by conducting tests at various processing temperatures, with thermocouples inserted between the layers of laminates to monitor the temperature. As noted above, bias-extension test is also a robust test for characterizing the intra-ply shear behavior of fabric. The only major disadvantage of the bias-extension test is that it is not capable of producing the pure shear. 18, 21 The present study reports the experimental results and analysis related to the intra-ply shear behavior of OOA prepregs using a picture frame test. Shear behavior was investigated under different test conditions to Figure 1 . Typical out-of-autoclave semi-impregnation [6] .
determine which parameters have the most significant influence on wrinkling. Results were analyzed using the Taguchi and analysis of variance (ANOVA) methods. The goal of this study is to improve our ability to characterize the drapability of low-cost OOA thermoset prepregs before modeling and performing the actual forming operation.
Experimental work Material
The materials tested for this study were Cycom Õ 5320 8-Harness (8HS) and 5-Harness (5HS) satin OOA carbon epoxy thermoset prepreg. The material properties are listed in Table 1 .
Note that the areal density of 5HS sample (592 g/m 2 ) is higher than that of the 8HS sample (580 g/m 2 ). The samples were consolidated by vacuum bagging for 30 min at a pressure of 0.1 MPa and cut into shape and dimensions as in Figure 3 (a). Random speckle patterns were drawn on the surfaces of the samples to permit measurement of the strain fields at varying displacement states. Finally, as shown in Figure 3 (c), the samples were clamped onto the rig at an angle AE45 to the direction of the applied tensile force, in order to promote trellising behavior and force the sample to experience pure shear throughout its surface.
Test method
Cross-shaped samples were clamped onto a frame of side length 310 Â 310 mm 2 such that the samples were parallel to the side of the frame. The frame was then mounted onto the MTS tensile machine and a tensile load was applied at the upper cross-head of the frame. The axial load required to deform the sample was recorded by the system; the necessary load was directly proportional to the number of cross-overs undergoing deformation. 18 Tests were performed at elevated temperature using a non-contact infrared heater. Thermocouple, sandwiched within the sample, was used to monitor the temperature; the test was started only after the sample had been held at the processing temperature for 10 min, in order to ensure that uniform temperature was achieved throughout the sample. In addition, data acquisition and the FLIR system were also used to monitor the temperature at various points of the sample. Digital image correlation (DIC) was used to calibrate the speckle pattern on the sample and take sequential images at varying stages of deformation. [22] [23] [24] Post-processing was performed using the VIC-3D correlated solution, which determined the contour plot at the point of wrinkling. The images were then imported to AutoCAD to measure the shear angle ().
In order to measure the effect of each parameter (temperature, cross-head rates, layer count) on intra-ply shear behavior, tests were performed on samples under a series of conditions: temperature: 23 C, 70 C, and 90 C; cross-head rates: 20 mm/min, 50 mm/min, and 100 mm/min; layer counts: 1-layer, 2-layers, and 4-layers. Layer count was used to investigate the effect of layer interaction and layer compaction on the shear angle. Due to the presence of resin, interaction between layers could have an impact on the locking angle. Two different trials were made at each condition.
Sample preparation for microscopic observation
Specimens were prepared from the sheared samples for microscopic observation as follows. After completion of each test, the samples were cured at 120 C for 3 h in an oven to restrict any distortion in the sheared geometry. Specimens of size 20 Â 15 mm 2 were then cut from the cured samples and placed inside the mold. Resin (Epon 828 Õ ) was poured into the mold and allowed to cure for 24 h at room temperature, then for 1 h at 100 C. To further facilitate keen observation, surface specimens were grinded and polished using varying grades of finer papers and finally finetuned by 1 m diamond paste.
Design of experiments
The Taguchi method was used to investigate the effect of various parameters on the onset of wrinkling (locking angle). Taguchi uses orthogonal arrays to select the optimal possible operating parameter combination. 25 As discussed, the three different parameters taken into consideration were displacement rates, layer count, and operating temperature of the sample (as shown in Table 2 ). Three levels of each parameter were performed using an L9 orthogonal array (Table 3) . Based on the experimental observations, an ANOVA technique was applied to determine which parameter influenced wrinkling the most.
Result and discussion

Picture frame test
The picture frame test was performed on both 8HS and 5HS OOA prepregs. Figure 4 shows the photos taken during the various stages of the test. The typical load displacement graphs plotted in Figure 5 were obtained by performing the test at a constant cross-head rate (20 mm/min) with varying temperatures. The results show that axial load decreased with the increase in temperature for both the 8HS and 5HS samples, which accords with the expected result. The load at lower temperatures is seen to be high; as the temperature increases, the load decreases correlatively. This behavior is attributed to the change in resin viscosity with operating temperature, discussed in details in the subsection ''Rheological analyses.'' To determine the effect of displacement rate on shearing, tests were performed at varying displacement rates with a constant elevated temperature (70 C); these results are plotted in Figure 6 . The graph reveals that shear load increases with displacement rate. Although the curves of 5HS and 8HS showed similar trends, the load response was much higher for 8HS. However, the limit of deformation (locking angle) was also higher for 8HS at all temperatures. These results show that shear angle and the limit of deformation cannot be only attributed to the shear resistance. This load response can be attributed to the variation in areal density, resin viscosity, weave style, and tow count. The 8HS samples have more straight fibers in contact, due to their weave style (less crimp numbers), which cause the fibers slide on top of each other and depends on the resin viscosity (temperature) creating more or less resistance. Both figures also indicate that shear load is relatively low during the initial stages of the deformation. During these early stages, the adjacent yarns have more space to rotate in; additionally, at this stage, the friction between the yarns is the only major source of resistance to shear. Towards the later stages, there is a drastic increase in load as the adjacent yarns come in contact with each other, leading to increase in shear resistance. At this stage, lateral compression is the major source of resistance. 16, 17, 26, 27 Any further deformation beyond this stage causes the yarns to buckle out-of-plane, leading to wrinkling. Hence, the angle at this stage is reported as the ''locking angle.'' The various methods used to find the locking angle are outlined in detail in the sub-section ''Onset of wrinkling.' ' The amount of shear that can occur between the warp and weft yarns before interlocking is determined by plotting the shear angle versus the shear load. The force required to shear the sample (F s ) can be calculated from the cross-head force (F pf ) by the formulae
where y is the frame angle and F pf is the measured axial load recorded. The shear angle can be deduced from the frame angle by the relation
where is the shear angle. The shear angle can also be resolved from cross-head displacement by the equation where d pf is the rate of cross-head displacement and L pf is the length measured between the centers of the hinges, as indicated in Figure 2 . In order to enhance our data on the shear process, results for shear angle versus shear load were plotted at different parameter combinations, as optimized in Table 2 , for both 8HS and 5HS samples ( Figure 7) . The relationship between shear force and shear angle depicted in these graphs indicates that shear load increases in tandem with shear angle, which in turn increases shear rigidity. 26 The effect of each parameter levels on wrinkling is explained in the sub-section ''Taguchi method.'' In order to evaluate the prime reason behind the change in shear behavior at elevated temperatures, the rheological tests were performed in series.
Rheological analysis
The forming process is performed at higher temperature to reduce the resin viscosity. However, higher temperature causes the reaction get faster. It is required to determine the maximum possible temperature for the forming process to have both low viscosity and enough time for forming operation without having any significant reaction. The effect of temperature on viscosity at various testing conditions was studied by performing rheological tests using a MCR 500 Õ Rheometer. The rheometer was equipped with the thermostating chamber which helps in characterizing the influence of temperature on the rheological flow behavior of the resin. The size of one layer prepreg sample was 25.4 mm in diameter and 0.55 mm thick. Since the thickness was very small, two layers, about 1 mm in thickness, were used to improve the measurement accuracy. Initial tests were performed to determine the optimum testing conditions such as strain rate, frequency, and gap between the plates. Based on the results, the optimum testing conditions were found to be: maximum strain rate of 10%, a frequency of 0.2 Hz, and a gap of 1 mm. Tests were performed at both isothermal and dynamic sweep conditions.
During the dynamic cure process, the samples were placed inside the chamber at room temperature and heated at the heating rate of 2 C/min. The variation of viscosity with temperature is plotted in Figure 8 . The resin viscosity is a function of both temperature and degree of cure. At the beginning, the temperature plays the major role in the viscosity and the resin viscosity drops significantly up to about 110 C. Then as the cure reaction get faster, the viscosity increases slightly and from 110 C to 150 C there is a competition between temperature and resin reaction. At 150 C, the reaction dominates and the resin viscosity drastically increases. This observation is used to determine the different temperatures for the forming process. The limit of 90 C was selected. Isothermal tests were performed to make sure no significant reaction happens during the forming operation.
This test can show the time available for forming operation at different temperatures before gelation. The chamber was first preheated to the desired temperature and stabilized at that temperature for half an hour. Then, the sample was placed inside the oven. Viscosity versus time is plotted at different temperatures as shown in Figure 9 . The graph shows that the viscosity decreases with increase in resin temperature during the initial stage where the resin reaches to the oven temperature. It can be seen in subset of Figure 9 . Then, the viscosity starts to increase slightly due to the reaction. After a while the reaction accelerates and the resin gets to the gel point. Considering the onset of viscosity build up as the gel point, it can be seen that there are about 50 min and 110 min for forming operation at temperature of 90 C and 100 C, respectively. No issues can be seen related to the temperature of 70 C for the forming. Also, the tangent method can be used to derive the gel time as shown in Figure 9 . There will be 150 min and 270 min as processing window for temperatures of 90 C and 100 C, respectively.
Onset of wrinkling
The rig was equipped with a 3D DIC system capable of capturing images at various stages of deformation and measuring the deformation at the area of interest on the samples. The sequential images recorded by the DIC were imported into AutoCAD to measure the experimental shear angle. The experimental shear angle (measured angle) was then compared with the theoretical shear angle calculated based on equation (3). The result for 8HS at 90 C and 50 mm/min is plotted in Figure 10 . The comparison showed that the experimental shear angle conformed to the theoretical shear angle during the initial stages of deformation. As deformation increased beyond a displacement of 80 mm, the experimental shear angle showed no further increase, but reached a flatten state that deviated from the theoretical angle. This deviation point is understood to be the locking angle. 2 Experimentally, wrinkling is found to occur when the locking angle is reached. The locking angle was also graphically determined by plotting load versus measured shear angle, as suggested by Scouter. 21, 28 As an example, the results for 5HS fabric at 70 C and 20 mm/min (2-layers) are shown in Figure 11 . The curve indicates that the load remained low up to a certain shear angle, at which point ( ¼ 36. 5 ) it began to increases drastically. This point of phenomenal load increase is marked as the onset of wrinkling.
To point out the onset of wrinkling by DIC, the contour of the strain field at various stages was captured by VIC-2D as shown in Figure 12 . The onset of wrinkling in Figure 12 was visible in the right corner and the VIC-2D was not able to determine the exact point of onset of wrinkling. Therefore, further 3D analysis would help us to obtain a better idea regarding the exact location of onset of wrinkling as shown in Figure 13 . In Figure 13 (e), which is the 3D contour of Figure 12 , the wrinkling (out-of-plane deformation) initiates at the corner with a shear angle of 34 , which subsequently propagates throughout the sample and there is good agreement between 3D contour and the observed location of onset of wrinkling. However, the DIC was not able to record the onset of wrinkling at all operating conditions, especially at high elevated temperatures. The observed angle is 7.35% less than the 36. 5 angle that calculated based on the PJN theory. Thus, this in-depth analysis reveals that actual wrinkling happens a bit earlier than predicted by the PJN assumption, which in turn indicates that locking angle cannot be the sole cause of wrinkling. Other possible factors, including layer compaction and ply bending, require further investigation. Two different trials were made at each condition, and the average among the locking angle values was calculated as listed in Table 4 . In test one, the observed locking angles in trial one were 35. 5 and 33 for 8HS and 5HS, respectively, while in trial two, the locking angles were found to be 35.2 and 34.8 for 8HS and 5HS, respectively. Signal-to-noise (S/N) ratio in Table 4 is defined as how the response varies relative to the target value under different noise conditions, which is a procedural step to be followed in the Taguchi method analysis and can be calculated using equation (5) .
The results in Table 4 show that the 8HS sample tends to have a higher locking angle than the 5HS samples. This may be attributed to weave style and initial yarn width: 8HS samples have less cross-over regions, which allows for freer yarn rotation. In addition, the 8HS samples have a smaller tow width and therefore less contact area between warp and weft yarns. However, the variation in areal density between the samples may be also contributed to this response. Since the 5HS has a relatively higher density than the 8HS, it tends to experience high shear resistance at a lower level of deformation, which leading to earlier interlocking. Reduced areal density therefore leads to significantly postponed interlocking and wrinkling during forming. These observations confirm the findings of Taha et al., 21 who compared fibers of varying areal density.
Layer interaction
This effect of layer interaction on interlocking is explained in detail in this section. Tests were performed at a constant temperature (70 C) and displacement rate (20 mm/min) while varying the layer counts (1, 2, and 4 layers). The observed changes in shear behavior with layer count are characterized and plotted in Figure 14 . As the number of layers increased, an increase in load was observed, which can be attributes to the interaction of the layers and nominal increase in areal density. Thicker samples (4-layers) with high areal density require greater load for deformation and have a lower locking angle, whereas thinner samples (1-layer) with lower areal density tend to have a higher locking angle. Thus, a higher number of layers produce an interaction between adjacent layers resulting in earlier interlocking. It can be concluded that the use of fewer layers can ease shear deformation during forming.
Thickness variation
The sample thickness was measured at room temperature to AE0.01 mm accuracy using a digital caliper and three different points on the specimen (along the corners of the shear zone) were selected. These three values of sample thickness were measured at each 5 mm of axial displacement and the average among them was calculated. The conforming shear angles at each selected axial displacement were plotted against the corresponding sample thickness. Results in Figure 15 are reported based on tests performed on two layers (5HS and 8HS) at room temperature. Figure 15 shows that the thickness of the sample increases as the shear proceeds. 30 Note also that the variation in thickness is higher in the 5HS than the 8HS sample. Initially, up to a shear angle of 13 , the difference in thickness between 8HS and 5HS is found to be small (13.2%), but later beyond 13 , a variation in thickness was increased between the samples. Finally, there was a 68.46% increase in initial thickness for 8HS, while an Figure 14 . Effect of layer count on in-plane shear behavior. 83.99% in 5HS. The 5HS sample is increased almost twice its initial thickness; this behavior might be due to its high yarn width value. This increasing in thickness in both samples may be attributed to obtain a constant volume throughout the shear deformation. Moreover, once the shear deformation proceeds, the adjacent yarns start to compress each other and there is no space between them which lead to deform transversely (out-of-plane deformation).
Yarn width variation
In addition to the thickness variation of the samples, the change in yarn width during the test is measured. Similar to the previous method, the yarn width was measured manually using small ruler at three different regions within the shear zone and average was taken. The variation of the yarn width with the measured shear angle at room temperature is presented in Figure 16 . The yarn width nominally decreases as the shear proceeds; the yarn width reduction is much higher in the 5HS than the 8HS samples. In the first stage (up to 33 ), the yarn width decreased slightly as the shear angle increased. Until this stage, the lateral compression is found to be low as the yarns have much space to rotate. Beyond this point, it is observed that the measured yarn width is decreased as the yarns come in contact with each other and tend to lock (locking angle). This decreasing may lead to yarn twisting and inter-yarn slippage which can be one reason for the onset of wrinkling.
Theoretically, Zhu et al. 2 proposed a relation between the shear angle and yarn width to determine the calculated yarn width
In this equation, w o is the initial yarn width and is the measured shear angle. They found that the variation between measured and calculated yarn width is relatively small when the shear angle < 50 . However, the yarn width decreases more quickly when the shear angle is about 50
. The same equation was applied in the present study to examine the relation between measured and calculated yarn width during picture frame test (see Figure 16 ). The results show that up to a shear angle of 33 (8HS) and 29 (5HS), the calculated yarn width is almost equal to the measured width. Beyond this, the calculated yarn width is seen to deviate largely from the measured yarn width. From the measured results, the yarn width is decreased by approximately 19% and 25% for the 8HS and 5HS, respectively.
Measurement of tow geometry
Chang et al. 31 offer a detailed report of microscopic investigation on 5HS satin weave fabric. However, to date, not much work has been conducted to characterize the change in tow geometry of OOA-based prepregs during the shear process. To address this gap, the present study conducted microscopic observation to measure the tow geometry such as tow width (W), and tow thickness (t) throughout the shear deformation. These parameters are schematically illustrated in Figure 17 , while Figure 18 shows the microscopic images taken during various stages of shear deformation for the 8HS samples. Figure 18 (a) depicts the situation before the onset of shear; an orderly distribution of tows is observed, with all tows of same shape and evenly spaced from each other. During the initial stage of shear (Figure 18(b) ), the tows begin to relocate themselves by sliding over each other. At later stages (Figure 18(c) ), the tows come in close contact with each other, eventually leading to the split of the tows (Figure 18(d) ). This phenomenon occurs because the deformation of the sample beyond its shear zone causes densification of the sample and in turn to the splitting of tows. The tows also undergo a significant change of shape over the course of the shear, although there is little change in tow geometry with respect to the transverse tow (8th tow) throughout the shear deformation. This finding indicates that it is specifically the longitudinal tows that contribute to the shear locking process.
Measurements of tow geometry at various stages of shear, listed in Table 5 , reveal that tow thickness increases with shear, while tow width decreases with shear. Figure 19 (a) and (b) demonstrates that a 32.12% increase in tow thickness was observed at the end of the deformation, compared to a 12.26% decrease in tow width. We attribute this inverse pattern to the fact that, as shear increases, adjacent yarns come in contact with each other and create lateral compression; this compression, in turn, increases the tow thickness and decreases the tow width. 31 Hence, these results show how the tows reorganize themselves during the shear process.
Taguchi method
The experimental results were analyzed to determine the effect of each parameter and its combination on the outcome of locking angle. Wrinkling is a primary unwanted defect that occurs during composite forming. To prevent wrinkling, it is necessary to achieve a higher locking angle for the material being processed. Higher locking angle postponed wrinkling and improves the formability of the fiber. Taguchi has developed an equation to calculate the S/N ratio for this case.
32
S N ¼ À10 logðMSDÞ
where MSD ¼ mean square deviation; y i ¼ observations; n ¼ no of tests in a trial. The S/N values obtained for both the 8HS and 5HS samples are summarized in Table 4 . In both the 8HS and 5HS samples, an increase in temperature postponed interlocking and improved the draping of complex contours. Specifically, an increase in temperature from 23 C to 90 C produced a phenomenal increase in locking angle. As noted above, the decrease in resin viscosity with temperature caused the resin to transition from a rubbery to a liquid state. 33 Thus, the effect of wrinkling is much more severe when forming occurs at low temperatures than at high temperatures.
Increasing the speed rate caused locking to occur at an earlier stage (i.e. yielded a smaller locking angle). Conversely, lower speed rates caused densification to occur at a later stage of displacement, causing interlocking to be postponed. Thus, the impact of wrinkling is much more serious when forming occurs at higher displacement rates.
The S/N values determined the most significant parameter that influence the locking angle based on the difference between their values. The S/N value determination is a procedural step to be followed in the Taguchi method analysis. The best parameter combination can be selected based on S/N ratio response by choosing the highest difference value (marked in red in Tables 6 and 7 ) of each parameter. 32 Figure 20 shows that the effect of temperature increases as the level proceeds from 23 C to 90 C. In addition, the shift in temperature from 23 C to 70 C has a drastic influence on S/N response than the shift from 70 C to 90 C. While the effect of shear rate is decreased as the levels proceed from 2 mm/min to 50 mm/min and later to 100 mm/ min. Moreover, the same figure indicates that the effect of the layer counts decreased as the number of layers increases from 1 to 4 layers. Based on the differences in S/N values, the difference created by temperature is much higher than the difference created by other two parameters. Hence, these results from Taguchi method indicate that the influence of temperature on the locking angle is much significant than other two parameters (displacement rate and layer count).
Analysis of variance
The results were also analyzed using the ANOVA method to determine the percentage of contribution of each parameter. 34 Percentages of contribution for each parameter (on both the 8HS and 5HS samples) are shown in Tables 8 and 9 . The results show that temperature contributes the most by 61.45% (8HS) and 67.95% (5HS), followed by displacement rate and thickness of the sample.
This confirms that operating temperature (which is tied directly to resin viscosity) is the most significant factor that influences the onset of wrinkling in both 8HS and 5HS samples. Displacement rate and thickness, in comparison to temperature, only have a small effect on wrinkling. 
Conclusion
The intra-ply shear behavior of OOA carbon-epoxy prepregs was investigated using the picture frame test. Studying the deformability of OOA at the processing parameters, which is not available in the literature, helps to understand the applicability of such material to be formed using the diaphragm process. This leads to minimize overall manufacturing time and cost. The factors that affect the onset of wrinkling include operating temperature (resin viscosity), displacement rate, and layer count. The study showed that rise in temperature correlates with a nominal decrease in resin viscosity, which delays the point of interlocking between adjacent yarns and therefore delays the onset of wrinkling. It was shown that the ply interaction through resin can have an impact on the shear and locking angles. Based on the Taguchi and ANOVA methods, temperature is found to be the primary factor that influences wrinkling. Following peer analysis, it is concluded that the optimum forming conditions for the OOA samples used in this study include an operating temperature of 90 C and a displacement rate of 20 mm/min. The next step in this investigation will be to compare these results with the results of a bias-extension test which would help us to give a much better knowledge on the various modes of deformation. The effect of misalignment on wrinkling must also be investigated, and a model created to take all these parameters into consideration.
